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摘 要 
低温是一种重要的非生物胁迫因子，对植物的产量、分布具有重要的影响，
特别是对生长、发育起着至关重要的作用。无瓣海桑 (Sonneratia apetala) 是一
种重要的红树植物，自 1985 年从孟加拉国引入中国后，以其生长迅速、树体高
大、结实率高、在抵御护花米草入侵中发挥重要作用等特点迅速成为红树林湿地
生态恢复中的理想树种。但无瓣海桑对低温较敏感，不耐寒，因此温度成为其生
长和分布的重要限制因子之一。本论文研究经低温驯化和未经低温驯化无瓣海桑
响应寒害的生理变化以及差异表达蛋白特性，阐明无瓣海桑的可能耐寒机理，对
了解无瓣海桑对低温的适应性具有重要的理论意义。 
本研究结合植物生理生化和蛋白质组学研究技术，对经低温驯化和未经低温
驯化的无瓣海桑进行了冷害胁迫的比较分析，以探索低温驯化的抗寒机制。实验
选择经 20、15、10 °C 梯度降温驯化和未经驯化的无瓣海桑置于 5 °C 低温条件
冷害处理 0 h、6 h、12 h、24 h，研究其生理生化的响应机制。选取低温处理 12 h
的无瓣海桑叶片，经双向电泳分离叶片全蛋白后，利用 PDQuest 图像分析软件
进行分析，在重复性好、分辨率高的蛋白质双向电泳图中得到了 600 多个可识别
的蛋白质斑点。主要研究结果如下： 
(1) 低温胁迫处理对无瓣海桑光合系统的影响较大，低温驯化能有效缓解低
温对光合的抑制作用。随着低温胁迫处理时间的延长，无瓣海桑叶片净光合速率
和气孔导度显著下降，胞间 CO2浓度呈上升趋势。低温胁迫处理 12 h 下的光响
应曲线和叶绿素荧光值测定结果显示，低温胁迫下暗呼吸速率 (Rd) 和光补偿点 
(LCP) 显著提高，且未驯化处理高于低温驯化处理；而最大净光合速率 (Pn max) 
和光饱和点 (LSP) 显著降低，且未驯化组显著低于驯化处理组；此外，低温胁
迫还严重抑制了叶片光合作用过程中光系统Ⅱ的光化学效率 (Fv/Fm)、实际光化
学量子效率 (ΦPS II) 和电子传递效率 (ETR) 等，而且这种抑制作用在未驯化组
显著高于驯化处理组。 
(2) 经低温驯化和未经驯化的无瓣海桑幼苗在 5 °C 冷害处理下，叶片细胞膜
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系统受到严重的损伤，细胞膜透性和膜脂过氧化程度随着低温胁迫处理时间的延
长而增大，且未驯化组的伤害程度高于驯化处理组。此外，渗透调节物质与无瓣
海桑低温调节机制密切相关。低温处理下，游离脯氨酸含量随低温处理时间的延
长而持续增加，且低温驯化组的含量高于未经低温驯化组，说明脯氨酸是低温胁
迫中重要的渗透调节物质。 
(3) 对低温胁迫处理 12 h 下无瓣海桑叶片差异表达蛋白质用双向电泳技术
进行了研究，图谱分析表明：在低温胁迫处理下共检测到 102 个蛋白丰度变化在
2 倍以上的差异表达蛋白。进一步经 MALDI-TOF/TOF-MS 分析，成功鉴定出 85
个差异表达蛋白，同对照组相比，未经低温驯化组共检测到 55 个差异表达蛋白，
其中有 25 个蛋白表达量上调，30 个蛋白表达量下调；低温驯化组共检测到 71
个差异表达蛋白，其中有 44 个蛋白表达量上调，27 个蛋白表达量下调。在这些
差异表达蛋白中，分别有 20 和 11 个蛋白在两种处理组中共同上调或下调表达。 
(4) 成功鉴定出的 85 个差异表达蛋白根据其功能可分为七类，包括光合作
用相关蛋白、能量代谢相关蛋白、氨基酸代谢相关蛋白、蛋白合成、修饰、降解
相关蛋白、细胞结构和细胞分裂相关蛋白、细胞防御响应相关蛋白、细胞转录和
信号转导相关蛋白，以及 5 个未定名蛋白和推测蛋白。这些差异表达蛋白参与植
物多种生理功能，表明低温驯化通过多种代谢途径增强无瓣海桑幼苗对低温胁迫
的抗性。同时，亚细胞定位分析表明，大部分差异表达蛋白定位在叶绿体和细胞
质中，少部分定位于细胞核和线粒体，极个别定位于其他位置。 
(5) 选取了 9 个差异表达蛋白的编码基因，通过实时荧光定量 PCR 分析，验
证了低温驯化和未驯化无瓣海桑幼苗在响应低温胁迫时，这些蛋白在转录水平和
翻译水平确实发生了表达变化。 
综上，根据测定的生理指标以及鉴定的差异表达蛋白等，我们推测，低温驯
化增强无瓣海桑幼苗的抗寒能力主要是通过缓解低温对无瓣海桑细胞膜的伤害，
缓解低温对光合作用的抑制，加强能量产生与物质代谢，加快氨基酸和蛋白代谢
以及加强了细胞分裂和细胞信号转导来实现的。 
 
关键词：低温胁迫；无瓣海桑；低温驯化；蛋白质组学；基因表达
厦
门
大
学
博
硕
士
论
文
摘
要
库
Abstract 
III 
Abstract 
 Low temperature is one of the most important abiotic stress factors that affects 
the production and distribution of plants, expecially impairs the plants’ growth and 
development. Sonneratia apetala is an important mangrove species, which was 
introduced into China from Bengal in 1985. Due to its tall tree, fast growth and high 
seed production, S. apetala has been recommended as a suitable species to restore the 
degraded coastal area. Besides, S. apetala also play an important role in resisting the 
invasion of Spartina alterniflora. However, S. apetala is one of the sensitive 
mangrove species to low temperature stress, so temperature becomes a most important 
limiting factor for its distribution and growth. In order to clarify the possible 
mechanism of cold tolerance in S. apetala, we investigate the physiological changes 
and differentially expressed proteins under cold stress using cold acclimation (CA) 
and no acclimation (NA) S. apetala. The results would provide the insights into the 
adaptability of S. apetala to low temperature which also have an important theoretical 
significance. 
In the present study, we combined the physiological and biochemical 
measurement with proteomic analysis to investigate the cold acclimation (CA) and no 
acclimation (NA) S. apetala in response to cold stress, to explore the possible 
mechanism of cold acclimation in improving the cold tolerance. The temperature of 
CA was programmed decrease to 5 °C from 25 °C at a rate of 5 °C decrement every 5 
days. The differing exposure times at 5 °C for 0 h, 6 h, 12 h, and 24 h were chosen for 
physiological and biochemical analysis. And 12 h of cold stress was chosen for the 
proteomic analysis. The proteins extracted from seedling leaves were separated by 
two-dimensional gel electrophoresis (2-DE), after PDquest software analysis, more 
than 600 proteins spots could be distinguished on each repeat gel. Following are the 
main results. 
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(1) Photosynthetic system was substantially affected by cold stress, and CA can 
relieve the inhibition in some degree. The net photosynthetic (Pn) and stomatal 
conductance (Gs) sharply decreased with the cold stress treatment, and the rate of 
decrease was higher in NA than that in CA. While intercellular CO2 concentration was 
increased in both NA and CA. Besides, photosynthetic light response curve and 
chlorophyll fluorescence of plants from NA and CA groups were measured at 12 h 
cold stress. Results showed that Rd and Lcp were higher under NA than that in CA, 
and both of them were obviously higher than the control. Whereas Lsp and Pn max were 
contrast, both of them were lower in NA and CA than the control, and NA was lower 
than CA. Chlorophyll fluorescence measurement showed that the Fv/Fm, ΦPS II, and 
ETR were lower under cold stress than the control, and it was much lower in NA than 
CA.  
(2) The membrane of S. apetala was injured severely in cold stress after CA and 
NA, the permeability and lipid peroxidation of cell membrane were increased with 
cold treatment, and they were much higher in NA than CA. Besides, the content of 
proline was increased in both treatments under cold stress, and it was higher in CA 
than in NA treatment, suggesting that proline was an essential osmotic adjustment 
substance in cold tolerance for S. apetala. 
(3) The results of protein profiling of CA and NA under cold stress for 12 h 
showed that 102 protein spots were differentially expressed with over 2-fold changes 
compared with the control. 85 out of the 102 differentially expressed proteins were 
successfully identified by MALDI-TOF/TOF MS. Compared with the control, 55 
differentially expressed proteins were identified in NA, among them 25 and 30 
proteins were up- or down-regulated, respectively. In CA, 71 differentially expressed 
proteins were identified, and 47 proteins were up-regulated, 27 spots were 
down-regulated. Amoung these spots, 20 spots were up-regulated and 11 spots were 
down-regulated in both CA and NA.  
(4) According to their function, these 85 protein spots can be divided into seven 
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groups including photosynthesis, energy metabolism, amino acid metabolism, protein 
biosynthesis, modification and destination, cell structure and division, cell rescue and 
defense, transcription and signal transduction related proteins and five unknown 
proteins. These differentially expressed proteins were involved in several 
physiological functions, which imply that CA can improve the tolerance of S. apetala 
to cold stress through a sets of metabolic pathways. Besides, the subcellular 
localizition of all the identified differentially expressed proteins showed that the 
majority of identified proteins were located in chloroplast and cytoplasm, a part of 
them were located in mitochondrion and nucleus, very few were located in other 
locations. 
(5) The gene expression analysis of 9 selected differentially expressed proteins 
by quantitative real time PCR confirmed that these proteins were indeed differentially 
expressed in protein level and transcription level under cold stress.  
In conclusion, according to the determination of physiological parameters and 
combined with the identified differentially expressed proteins, we speculated the CA 
functions in cold tolerance in S. apetala seedlings. Firstly, CA can deduce the injury 
of membrane integrity under cold stress. Secondly, CA can relieve the inhibition of 
photosynthesis caused by cold stress. Thirdly, the energy productions and 
metabolisms of S. apetala seedlings were enhanced. Besides, protein folding and 
biosynthesis, cell division and signal transduction were also enhanced. These changes 
can improve the tolerance of S. apetela to cold stress. 
   
Keywards: Cold stress; Sonneratia apetala; Cold acclimation; Proteomics; Gene 
expression
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